The life cycle of the semi-terrestrial mangrove crab Ucides cordatus includes pelagic larvae that are released into estuarine waters during the wet season and who may thus encounter potentially stressful low and variable salinity conditions. The effect of salinity on the survival of the zoea larvae, the number of zoeal stages and the duration of development from hatching to megalopa was experimentally studied by rearing larvae from the Caeté estuary, N-Brazil, in seven salinity treatments (0, 5, 10, 15, 20, 25, and 30). For a better interpretation of the laboratory results, estuarine salinities were measured over five consecutive years during the species´ reproductive season. The survival of the zoea larvae varied significantly with salinity, while the number of stages and the duration of their development remained 2 constant. Development to megalopa took 20.77 ± 1.57 days and comprised five zoeal stages with ZI and ZII being euryhaline and later stages stenohaline. The newly hatched larvae stayed alive for up to six days in freshwater (average 4.32 ± 0.82 days), but did not moult to the second zoeal stage. ZII larvae first occurred from salinity 5 onwards and later zoeal stages at all tested salinities ≥ 10. However, the larvae only survived to megalopa at salinities ≥ 15, with highest numbers at salinity 30 (72%) and lowest at 15 (16%). Lethal salinities ≤ 10 occurred frequently in the estuary during the reproductive season. This suggests a need for larval export to offshore and thus more saline waters to allow for significant larval survival and maintenance of viable populations of this commercially important species. A regional rather than local approach for management is suggested due to the likelihood of long distance larval dispersal by off-shore currents.
Introduction
Salinity is considered an ecological key factor in estuarine and coastal zones that are characterized by a high variability in this parameter (Anger 2003) . While juvenile and adult crabs of estuarine and semi-terrestrial species are generally well adapted to the wide range of salinities in their habitat, their pelagic larvae are often sensitive towards varying and extreme salinity conditions (Sastry, 1983; Charmantier, 1998 , Charmantier et al., 2002 . The salinity tolerance of the larvae varies between species, usually indicating whether the larvae develop within estuaries (retention strategy: e.g. Rhithropanopeus harrisii: Costlow et al., 1966; Cronin, 1982; Helice leachi: Mia and Shokita, 2002) , or off-shore (export strategy: e,g, Uca pugnax: O´Connor and Epifanio, 1985; Sesarma angustipes: Anger et al., 1990;  Chasmagnathus granulata : Charmantier et al., 2002 ; Armases rubripes: Luppi et al., 2003) .
Thus, the ecology of estuarine and semiterrestrial brachyurans with meroplanktonic larvae can be better understood by investigating the salinity tolerance of the latter. The present study focuses on Ucides cordatus cordatus (Linnaeus, 1763) (hereafter referred to as U. cordatus), a large commercially exploited ocypodid crab which occurs in mangrove forests along the subtropical and tropical Atlantic coast of the Americas (Türkay, 1970) . In many regions of Brazil crabs are threatened by habitat destruction, diseases and fishery (Nordi, 1994; Botelho et al.; 2000 , Alves et al., 2005 Boeger et al., 2005) . In our study area, 320 km southeast of the Amazon mouth, the local Ucides population is still comparably healthy (Glaser and Diele, 2004; Diele et al., 2005) , but fishing pressure is increasing due to demographic growth and adequate management strategies are currently being discussed.
The crabs have a strong impact on litter turnover and nutrients cycling in this mangrove ecosystem (Nordhaus et al., in press) . They reproduce in the wet season between January and June (Diele, 2000) when estuarine salinities are often low and fluctuating. Adult and juveniles survive long exposures to freshwater (> 3 weeks, Diele, unpublished) , but the salinity tolerance of the larvae is not well known. In south-western Brazil Rodriguez and Hebling (1989) cultivated larvae in water with a constant salinity of 24. Survival from hatching to megalopa was 75% and the development comprised 5 to 6 zoeal stages.
In this paper we investigate the tolerance of U. cordatus zoea larvae towards a wide range of salinities (0 to 30) in order to evaluate their survival potential in mangrove estuaries and in offshore waters of Northern Brazil. Our specific objectives were to determine the effect of salinity on the survival of the larvae, the number of larval stages and the duration of larval life until the megalopal stage. The results of the laboratory study are compared with field data on estuarine salinities and discussed in the context of larval retention versus larval export strategy. Finally, the likely implication of the findings for management of U. cordatus in Northern Brazil and for configuring coastal reserves is outlined.
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Materials and methods
Study area and field measurements
The Caeté estuary is located about 320 km southeast of the mouth of the Amazon river in Northern Brazil (Figure 1 ) and is part of the second largest continuous mangrove area of the world (Kjervfe and Lacerda, 1993) . Its western shore is formed by a peninsula cut by numerous creeks and channels. Approximately 140 km² of the Caeté peninsula is covered with mature mangrove forests densely populated by crabs, Ucides cordatus and fiddler crabs (Uca spp.) being the most abundant ones (Koch and Wolff, 2002; Diele et al., 2005; Koch et al., 2005) . The region is characterized by semidiurnal macro tides with up to 5 m amplitude during the spring tide period. Due to the dynamic tidal regime and shallow water (~ 10 m at high tides even at the mouth), the Caeté estuary is well mixed (Dittmar, 1999) . As a consequence variations in salinity and temperature between surface and bottom waters are absent or small (Dittmar, 1999; Diele, pers. observations) . Mean annual rainfall is about 2500 mm and occurs mostly during the wet season from January to June while average water (27-30°C) and air temperatures (24-28°C) vary little over the year (MADAM unpublished. data) .
In the present study we measured the salinity at four tidal creeks and channels and at the beach along a transect running from the upper and lower estuary to the northern shore of the peninsula (Figure 1 Preliminary tests have shown that the larvae from different females respond similarly to low and high salinities (Diele 2000; Simith & Diele, pers. observation) and in the present study sibling larvae were used for the laboratory cultivation experiments. The larvae were obtained from an ovigerous female captured in the northern mangroves of the Caeté peninsula (near Furo Grande, see Figure 1 , ambient estuarine salinity was 20). The female was kept in a 15 l aquaria in filtered offshore water (see above) until it released its larvae a day later.
Immediately after their release, the larvae were transferred to 100 ml plastic vials (5 and 8 cm diameters at bottom and top, respectively). Seven treatments with salinity 0, 5, 10, 15, 20, 25 and 30, in the following nominated T0, T5, T10, etc., were run and per treatment 50 larvae were individually cultivated. Water temperature in the cultivation vials was 26.64 ± 1.09 °C (Stow Away Tidbit temperature logger, Onset Computer corporation) and the light regime was 12 : 12 h L : D. The larvae were fed daily with planktonic microalgae (Dunaliella salina) and freshly hatched Artemia salina naupli, both food items known to significantly enhance the survival of cultivated U. cordatus larvae (Abrunhosa et al., 2002) . Every 3 to 5 days the water in the cultivation vials was changed. The status of the larvae was checked daily and deaths or moulting events noted. On day 35 of the cultivation all formerly viable megalopae were killed when water with salinity ~ 70 was accidentally added to their cultivation vials during water change.
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Statistical analysis
Survival data were analysed by contingency tables (R x C), followed by Chi² tests. After testing for normality (Shapiro-Wilk) and variance homogeneity (Levene) the data on development duration were tested by multiple or pair wise nonparametric statistics (KruskallWallis and Mann-Witney-U, respectively). 
Results
Salinity measurements
Larval survival
Survival from hatching to megalopa varied between salinity treatments. No larvae developed to megalopae in T0, T5 and T10 (Figure 4 ). In T15 16 % of the zoea larvae reached the megalopal stage, which was distinctly less than in treatments with higher salinities (p < 0.0001). Survival to megalopa did not differ much between T20 and T25, but in T20 (52 %) it was significantly lower than in T30, where 72% of all larvae reached the megalopal stage (p < 0.05) (Figure 4 ).
The zoeal phase comprised five stages (ZI to ZV) irrespective of salinity (≥ 15). However, differences among salinity treatments were observed concerning the survival of the larvae (Figure 4 ). While ZI larvae died in freshwater (T0), they moulted to the second stage in all other salinity treatments. In T5 64% of the ZI larvae already survived, however significantly more (90%) moulted to ZII in the more elevated salinities (p < 0.05) (Figure 4) . In contrast to the first larval stage, ZII, ZIII and ZIV larvae died not only in T0 but also in T5. The survival of ZII larvae in T10 and T15 was 72% and 78%, respectively, and was even higher in T20, T25 and T30 where over 90 % reached the subsequent larval stage. In ZIII and ZIV survival in T10 was only ≤ 25%, which was distinctly lower than in most other salinity treatments (p < 0.05) (Figure 4) . In ZIII survival rates did not differ between T20, T25 and T30 whereas in ZIV significantly more larvae survived in T30 than in all other treatments (p < 0.05). In contrast to the first four zoeal stages, V larvae did not survive in T10. In T15 67% already survived, but this was still significantly less than in T25 and T30 (97%, p< 0.05). Survival in T20, T25 and T30 was similar in this final zoeal stage (Figure 4 ). Figure 4) 8
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Development duration
Development from hatching to megalopa took between 18 and 27 days and did not differ between salinity treatments (Figure 5) (p < 0.05). Average duration was 20.77 ± 1.57 days (pooled data). Despite total mortality in freshwater, ZI larvae still survived up to six days in T0 with an average of 4.32 ± 0.82 days ( Figure 5 ). In the other treatments the duration of the ZI stage ranged between 3.5 ± 0.54 days in T10 and 3.72 ± 1.99 days in T30 ( Figure 5 ). ZII larvae lived an average of 3.72 ± 1.99 days in T5 before they died. The development duration of this zoeal stage decreased with increasing salinities and was over a day shorter in T30 when compared to T10 (3.52 ± 0.63 versus 4.83 ± 1.08 days, respectively, p < 0.0001). In ZIII, significant differences in development time were observed between T10 and T20 (4.63 ± 0.74 versus 3.80 ± 0.79, respectively, p < 0.05) ( Figure 5 ). The two ZIV larvae that had survived the T10 treatment moulted to ZV after five days, which was approximately a day longer than in T20 and T25 (p < 0.05), but died shortly after moulting. Development duration of ZV larvae to megalopa was similar in all salinities (≥ 15) and took 5.05 ± 0.54 days at an average ( Figure 5 ).
(Insert Figure 5)
Development and survival curves of the larvae at each salinity through successive zoeal stages until megalopa are presented in Figure 6 and agree with the data shown above. The results can be summarized as follows: (1 Figure 6) 
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Discussion
In many brachyuran species salinity affects the survival of their larvae (O´Connor and Epifanio, 1985; Anger, 1991; Islam et al., 2002; Luppi et al., 2003) and often also the duration of their development, which is generally prolonged under osmotic stress (e.g. O´Connor and Epifanio, 1985; Gonçalves et al., 1995; Anger, 1996; Luppi et al., 2003) . In low salinities larval development may not only take longer, but also comprise an additional larval stage, as e.g. in the Chinese mitten crab Ericocheir sinensis (Anger, 1991) and in the estuarine crab Chasmagnathus granulata (Giménez 2003; Giménez and Anger, 2003) . In our study the survival of U. cordatus larvae increased distinctly with salinity (4.5 fold higher values in T30 than in T15), however, neither the duration of development to megalopa nor the number of zoeal stages of the larvae differed between treatments. All larvae developed via five zoeal stages (see also below) and the few ones surviving to megalopa at salinity15 did not suffer a significant temporal delay in development, when compared to those reared at salinity 30. Hence, development duration and morphogenesis appear to be independent of osmotic stress when minimum salinity conditions are met that allow survival to megalopa.
Assuming that Ucides larvae are exported from estuarine to coastal waters (see below), the ability to develop similarly in both intermediate and high salinities (15 and 30, respectively) could be an adaptive trait: salinities fluctuating between 15 and 30 can still be encountered many tens of kilometres offshore in the upper layers of the water column during the north Brazilian wet season (Diele, personal observation) . Uncoupling development duration from fluctuations within this salinity range may be one factor aside others that allows to synchronize megalopal appearance with the tidal neap-spring cycle. U. cordatus megalopae were particular abundant in plankton net-samples taken at spring tides (Diele, 2000; Diele unpublished) , and high megalopa numbers at spring tides were also observed in many other estuarine crab species (van Montfrans et al., 1990; van Montfrans et al., 1995; Morgan and Christy, 1995; Christy and Morgan, 1998; Paula et al., 2001 ). This suggests that estuarine immigration by megalopae is facilitated by high amplitude tides and hence that timing of development plays an important role for successful recruitment.
The U. cordatus larvae were cultivated individually in the present study, and development always encompassed five zoeal stages. However, this number can vary: while sibling larvae from other females of the Caeté crab population also developed via five stages when reared individually, an additional sixth stage occurred when larvae of the same broods were reared in groups (Simith & Diele, personal observation). In mass cultivations of larvae from a southwestern Brazilian crab population the development of U. cordatus also comprised six zoeal stages (Silva, pers. comm). Thus, environmental factors such as competition for space or food appear to be the reason for the reduced number of zoeal stages in individually versus mass-cultivated larvae. Further experiments will investigate the extent to which the number of larval stages is plastic as opposed to genetically determined. Development of U. cordatus can also encompass an additional zoeal stage when specimens are reared individually, as shown by Rodriguez and Hebling's study (1989) , where 91% of the larvae developed via ZVI (salinity 24, 25 ± 1 °C). The average development duration until the megalopal stage was 36.51 days in their cultivation, instead of 20.77 days in our. These variations may have been caused by different diets. Whereas Rodriguez and Hebling fed their larvae with Artemia salina nauplii only, we provided a combination of A. salina and microalgae, which is more favourable (Abrunhosa et al., 2002, Abrunhosa unpublished) . A flexible developmental path with a reduced number of zoeal stages and development time under better nutritional conditions would be advantageous for several reasons. In crustaceans, late premoult, ecdysis and early post-moult are very sensitive phases where larval mortality rates generally increase (Anger 2003) . Skipping a larval stage can thus enhance survival. Furthermore, the risk of predation and physical stress in the pelagic environment is reduced when larval development is abbreviated (Morgan, 1995) .
In the present study the U. cordatus larvae only survived to megalopa from salinity 15 onwards, confirming the pattern observed in other tests with larvae from the Caeté crab population (Diele 2000, Simith & Diele, pers. observ.) . Lethal salinities ≤ 10 that inhibit larval development occur frequently in northern Brazilian mangrove estuaries during the wet season. In the upper Caeté estuary average monthly salinities were lethal throughout the entire wet season in all five study years, and in the central and lower part salinities ≤ 10 occurred in February, March and April in three to four out of five study years. These are the months of peak reproductive activity of U. cordatus (Diele, 2000) and retention of the zoea larvae in the estuary would thus result in significant mortalities in most years. It seems contradictive that a species whose larvae die in low saline waters concentrates its reproduction on exactly those few months of the year, when precipitation is highest and salinity lowest. However, due to the differential response of the earlier and later zoeal stages to different salinities, the Caeté crab population seems to be well adapted to life in coastal Northern Brazil: The ZI larvae are extremely euryhaline as they may survive up to six days in freshwater, and can also cope with a wide range of salinities (62 % survival to ZII in T5 and > 80 % in T10 to T30). ZII larvae are also euryhaline (> 70 % survival to ZIII from salinity 10 onwards) when compared to the increasingly stenohaline response of the subsequent larval instars. The variation in salinity tolerance of the earlier versus later zoeal stages is most probably based upon changes in their capacity to osmoregulate, from temporarily high in ZI to low in later zoeae, as is the case in other species (for review see Charmantier, 1998; Anger and Charmatier, 2000; Charmantier et al., 2002) Our findings suggest that viable crab populations can only be maintained if the larvae develop in more saline waters were significant numbers can survive. Hence, an export of the larvae by ebb currents from the estuary to coastal or oceanic waters seems to be a necessity in the life cycle of U. cordatus in Northern Brazil, in contrast to species with retention strategy, whose larvae are better adapted to low salinities (e.g. Rhitropanopeus harrisii: Cronin, 1982; Armases miersii: Anger, 1996) . Larval export is common in many estuarine brachyurans and is generally interpreted as an avoidance of stressful salinities and or high densities of estuarine predators (Christy and Stancyk, 1982; Morgan, 1990; Anger et al.,1994; Morgan, 1995; Charmantier et al., 2002) . In U. cordatus, the cumulative duration of the euryhaline ZI and ZII stages was 7.74 ± 0.31 days, a time span that seems long enough for ensuring that currents transport the larvae sufficiently off-shore. Field data from our study area give additional indication for the larval export strategy as only newly hatched zoeae were encountered in plankton samples from the lower Caeté estuary (Diele, 2000) . The presence of megalopae in the same samples suggests that they resemble the ZI larvae in their tolerance of hypo-osmotic stress, allowing them to immigrate into estuaries. This will be tested in future experiments. Furthermore, the impact of pre-hatching salinities during embryogenesis on later survival and development should be studied, as well as the larvae's capacity for acclimation throughout their development (see Giménez and Anger, 2003) . This will complement our understanding of how U. cordatus larvae cope not only with low, but also with fluctuating salinities throughout their development.
In contrast to the larval retention strategy, exported brachyuran larvae may be dispersed away from their parental estuary and settle in other estuaries (e.g. Scheltema, 1986; Botsford et al., 1989; Underwood and Fairweather, 1989; Anger et al., 1994 , Shanks et al., 2003 . In commercially exploited species the question whether local crab assemblages, e.g.
U. cordatus of the Caeté peninsula, are strongly influenced by regional factors, e.g. the reproductive output of crabs from other peninsulas, is important for defining management strategies and the size of coastal reserves. Our results clearly point toward the larval export 13 strategy and for determining the likelihood of population networks we are presently investigating the offshore dispersal of Ucides larvae along the North Brazilian coast. While the juvenile and adult crabs of each of the numerous mangrove peninsulas of the North Brazilian coastline are probably spatially separated by the rivers that deeply dissect the coast up to 40 km inland (Figure 1) , the geomorphologic isolation of the benthic stage in the life cycle of U. cordatus can be overcome by common offshore larval pools. Connectivity of U. cordatus by larval migration is also currently studied by population genetics (Ewald et al., unpublished) . Even though the spatial extension of the Ucides population is not yet delineated, we already now precautionary suggest a regional rather than local scale for management and conservation. Management of this fisheries resource is a central issue:
over 1000 tons of crabs are annually harvested in the Caeté estuary  Araújo unpublished) and extractive reserves are currently being implemented in the study area. If recruitment of the Caeté crab population depends upon larvae originating from other, possibly distant estuaries, a management strategy focussing only upon the Caeté mangroves or adjacent peninsulas may be insufficient for ensuring the sustainability of the local crab fishery.
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